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論文内容要約 
  The amount of data traffic in the data centers has rapidly increased due to diversification of internet services. Ethernet 
technology has been developed along with the explosive increase in the data traffic. Heightening the link speed of Ethernet 
has mainly been achieved by increasing the number of optical channels and introducing multi-level modulation. For 
example, the 400 Gigabit Ethernet (400GbE), which is to be standardized in 2017, utilizes the multiplexing technology and 
the baud rate of the individual channel remains at 25 or 50 Gbaud because of the limited bandwidth of semiconductor light 
sources. A light source which can provide higher baud rate of more than 100 Gbaud is required for post-400GbE in terms of 
reducing system complexity and the cost of transmitters. Direct current modulation (DM) is the simplest modulation method 
for semiconductor lasers and directly modulated lasers (DMLs) are widely used as compact and low-cost optical transmitters. 
Figure 1 (a) shows a small signal response of a DML. The modulation sensitivity of the DML rapidly degrades above a 
relaxation oscillation frequency and a 3-dB bandwidth of the DML is limited by the relaxation oscillation frequency. 
Recently, the 3-dB bandwidth enhancement by introducing an external cavity into the DML has been attracting attention. 
The small signal response of the DML with external cavity is shown in Fig. 1(b). A second resonant peak is induced when 
the intensity and phase of feedback light from the external cavity is properly controlled. The 3-dB bandwidth of 55 GHz was 
achieved by utilizing this effect. However, it is insufficient to generate more than 100-Gbps non-return-to-zero (NRZ) optical 
signal and further improvement of the bandwidth of the laser is required. As indicated in Fig. 1(c), it is difficult to increase 
the bandwidth of the external cavity laser only by shifting the second resonant peak toward the higher frequency side 
because of the rapid modulation sensitivity degradation property of DMLs. Thus, the modulation scheme which has low 
modulation sensitivity degradation characteristic in a high-frequency domain indicated in Fig. 1(d) is required in order to 
overcome this limitation. In addition, it is difficult to transmit the high-speed-modulated optical signal generated by the 
DMLs over optical fibers, because the DMLs have positive chirp property. Thus, the chirp control technique is also 
important for ultra-high-speed optical signal generation using DMLs. 
In this study, the hybrid modulation scheme is proposed, which has a low modulation sensitivity degradation 
characteristic above the relaxation oscillation frequency and negative chirp property. By utilizing the scheme into an external 
cavity laser, a design of the device which can generate 100-Gbps NRZ optical signal is proposed and then evaluated its 
performance through numerical analyses. 
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Fig. 1 Concept of this study. 
First, a cross gain modulation (XGM) scheme is focused because it directly modulates the optical gain of the 
semiconductor laser by input optical signal, and suppression of the modulation sensitivity degradation in a high-frequency 
domain can be expected. The small signal response of semiconductor laser under XGM is calculated by using rate equations. 
The calculated small signal responses of DM and XGM are shown in Fig. 2. The gradient of the response curve in a 
high-frequency domain of DM and XGM are respectively calculated to be -20.6 dB/dec and -10.8 dB/dec. This result 
clarifies that XGM can decrease the modulation sensitivity degradation to around half of DM's one. 
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                 Fig. 2 Calculated small signal responses          Fig. 3 Measured small signal responses of  
                                                                XGM laser with external cavity. 
The external cavity is introduced into the distributed feedback (DFB) laser driven by XGM. The modulation 
performance of the laser is evaluated by using rate equations which take the optical feedback from the external cavity into 
account. The feedback light’s intensity and phase dependences of the second resonant peak is investigated and then it is 
confirmed that the intensity and phase of the feedback light respectively determine the frequency and strength of the second 
resonant peak. An external cavity laser is designed on the basis of the simulation results. The external cavity consists of an 
electroabsorption waveguide which enables the feedback light's intensity and phase control by applying voltage to the 
external cavity. The laser is driven by XGM and measured its small signal responses. Figure 3 shows the measured small 
signal response under an optimized external cavity voltage condition. By virtue of the suppressed modulation sensitivity 
degradation in XGM and optimized second resonant peak, a ±3-dB bandwidth of 43 GHz (3-dB bandwidth of 59 GHz) is 
experimentally confirmed. 
XGM requires an optical signal input to modulate the modal gain of laser diodes which limits possible applications of the 
laser. Thus, a hybrid modulation (HM) scheme is newly proposed, which uses an electrical RF modulation signal and 
provides low modulation sensitivity degradation in a high-frequency domain. In HM, DM and intra-cavity loss modulation 
(ICLM) are simultaneously applied. The modulation properties of DM and ICLM are respectively considered to be low-pass 
filter and high-pass filter. Therefore, the modulation property of HM is a mixture of the two modulation schemes and has 
advantages of both modulation schemes by properly controlling the modulation ratio  and time delay of the electrical signal 
inputs t between the DM and ICLM components. Figure 4(a) shows the unit-step response for HM.  and t are optimized 
on the basis of geometric analysis. The DM component shows a dull fall edge due to its loss-pass-filter-like property. On the 
other hand, the ICLM component shows a sharp fall edge and strong ringing noise due to its high-pass-filter-like property. 
Since the unit-step response of HM is given by sum of both components, the fall edge inherits a fast fall time of the ICLM 
component and then both components cancel out the ringing noise. As a result, the unit-step response of HM shows a nearly 
ideal step response. The small signal response of HM is shown in Fig. 4(b). The small signal response of the pure DM is also 
shown for comparison. This result indicates that HM can suppress the modulation sensitivity degradation in a 
high-frequency domain without noticeable peak. 
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                       (a) Unit-step response                       (b) Small signal responses 
Fig. 4  Simulation results of hybrid modulation 
The frequency chirp control by the HM is also investigated. The unit-step responses of the lasing frequency and photon 
density for HM are shown in Fig. 5(a).  and t are set to the optimized conditions in which the flattest small signal response 
shown in Fig. 4(b) is obtained. The frequency chirp of the DM component is compensated by the ICLM component. As a 
result, HM shows the negative chirp property and improvement of dispersion tolerance can be expected.  
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Fig. 5  (a) Calculated unit-step responses of the lasing frequency and photon density for the HM. (b) Measured eye 
diagrams after 20-km transmission for DM. (c) Measured eye diagrams after 20-km transmission for HM. 
Figures 5 (b) and (c) show the measured 10-Gbps eye diagrams after 20-km single mode fiber transmission for DM and HM. 
In DM, the eye diagram after transmission is distorted and clear eye opening cannot be confirmed. On the other hand, in HM, 
a clear eye opening is confirmed even after transmission. These results indicate that the HM is also effective in frequency 
chirp control and helps long-reach transmission of generated high-speed optical signal. 
The modulation performance of the external cavity laser driven by HM is investigated. The eye diagram for 100-Gbps 
NRZ signal is calculated by using the coupled-wave equations and carrier's rate equation. Figure 6(a) shows the calculated 
eye diagram under the optimized feedback light condition. A clear eye opening with an extinction ratio of 4.6 dB is 
confirmed. Figure 6(b) shows the calculated small signal response under the optimized condition. The 3-dB bandwidth is 
enhanced up to 96 GHz by virtue of the suppression effect in the modulation sensitivity degradation of the HM and the 
second resonant peak induced by the external cavity. These results support the concept of this study and demonstrate potency 
of the proposed technologies for an ultra-high-speed semiconductor laser. 
-15
-12
-9
-6
-3
0
3
6
0 20 40 60 80 100
Modulation frequency [GHz]
0
1
0 5 10 15 20
Time [ps]
f3dB = 96 GHz
Solitary DFB-LD
4.6 dB
This study
0
1
0 5 10 15 20
N
o
rm
. i
n
te
n
si
ty
 [
a.
u
.]
Time [ps]
4.6 dB
 
                (a) Eye diagram for 100-Gbps NRZ signal             (b) Small signal responses 
Fig. 6  Simulation results of hybrid modulation laser with external cavity 
